Epitaxial strain, layer confinement and inversion symmetry breaking have emerged as powerful new approaches to control the electronic and atomic-scale structural properties in complex metal oxides. Nickelate heterostructures, based on RENiO 3 , where RE is a trivalent rare-earth cation, have been shown to be relevant model systems since the orbital occupancy, degeneracy, and, consequently, the electronic/magnetic properties can be altered as a function of epitaxial strain, layer thickness and superlattice structure. One such recent example is the tri-component LaTiO 3 -LaNiO 3 -LaAlO 3 superlattice, which exhibits charge transfer and orbital polarization as the result of its interfacial dipole electric field. A crucial step towards control of these parameters for future electronic and magnetic device applications is to develop an understanding of both the magnitude and range of the octahedral networks response towards interfacial strain and electric fields.
I. INTRODUCTION
For many technologically-relevant materials systems, in particular transition-metal oxides (TMOs), the orbital structure (relative energies, filling, etc.) directly correlates to the material's resulting properties. [1] [2] [3] [4] [5] For example, systems such as the manganites (colossal magnetoresistance), 6 the cobaltates (spin-state transitions), 7, 8 and the cuprates (hightemperature superconductivity) 9,10 owe their behaviors to specific configurations of the electronically active transition-metal cation d orbitals, which, for near-cubic symmetry, are split into the (lower energy) t 2g and (higher energy) e g orbitals. The development of atomically precise growth techniques for oxides has opened up the possibility of controlling orbital configurations via layered heterostructures.
is a d orbital open-shell system, with fully occupied t 2g orbitals and a single electron occupying the twofold-degenerate e g orbital. LaNiO 3 (LNO), possessing a pseudocubic perovskite structure, is a material recently explored in the context of orbital engineering, with the goal of breaking its orbital degeneracy and emulating the single-band structure of the cuprates. [11] [12] [13] A recent publication on a LaTiO 3 -LaNiO 3 -LaAlO 3 (LTNAO) superlattice demonstrated the successful breaking of this orbital degeneracy by using atomic-layer synthesis to alter its symmetry and filling; an approximately 50% change in the occupation of the Ni d orbitals was reported 14 and verified via X-ray absorption spectroscopy and ab initio theory, confirming the creation of an electronic configuration which approaches a single-band Fermi surface.
The three-component superlattice, where 1 unit cell (uc) of LaTiO 3 (LTO) and 2 uc of LNO are sandwiched between 3 uc of LaAlO 3 (LAO) develops a large orbital polarization as a result of an inherent inversion symmetry breaking, internal charge transfer, and the resultant ionic polarization. 14, 15 The principle is based on the transfer of a single electron from the LTO layer (Ti 3+ ) to the LNO layer (Ni 3+ ) due to the mismatch in electronegativity of the two ions. The electron transfer creates a charge imbalance and, hence, a dipole field which leads to large polar distortions with polarization pointing towards the NiO 2 layer of the LNO. The combination of these polar distortions and the symmetry breaking of the superlattice about the LNO results in asymmetric stretching of the NiO 6 oxygen octahedra, leading to a large crystal field splitting and a polarization in the orbital occupations which resembles the arrangement in the high-temperature superconducting cuprates. A previous study 14 infers the charge transfer from the spatially-averaged X-ray absorption spectroscopy (XAS) measurements on the Ti L-edgeand Ni L-edge.
In this work, we focus on a specific superlattice system, consisting of 1 uc of LaTiO 3 (LTO), 2 uc of LNO and 3 uc of LaAlO 3 (LAO). We aim to directly quantify the proposed charge transfer mechanism and determine its range using this superlattice structure.
More specifically, we utilize aberration-corrected scanning transmission electron microscopy (STEM) coupled with both energy dispersive X-ray (EDX) and electron energy loss (EEL) spectroscopies to quantify the orbital manipulation in a nickelate heterostructure; specifically, charge transfer and symmetry breaking at the atomic scale. We directly map the charge transfer with STEM EELS/EDX, providing direct evidence for the key driving force of orbital polarization in the three-component system. Furthermore, we detect the signatures of orbital polarization in this LTNAO superlattice with atomic resolution, as previously suggested by sample-averaged experiments. Additionally, we perform first principles density functional theory (DFT) simulations within the local density approximation (LDA) to simulate and verify basic aspects of the electronic structure of these heterostructures using a c (2 × 2) interfacial unit cell that includes rotations and tilts of oxygen octahedra.
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It should be noted here that, until recent instrumentation and software advances, an analysis with the spatial and chemical resolution as presented here would not be have been possible, since it requires an imaging probe which has a high enough current density to generate appreciable X-rays, yet is also able to achieve sub-Å resolution. Indeed, electron microscopy has a rich history in the advanced characterization of oxides, for example, in the atomic-scale imaging of composition, bonding, electron spatial distribution at inter- The tricomponent superlattice is grown on LaAlO 3 (001) single crystal substrates using oxygen plasma assisted molecular beam epitaxy. The layering sequence for superlattice is 
C. First-Principles Modeling
We performed first principles calculations using Density Functional Theory (DFT) 16, 17 with ultrasoft pseudopotentials. [31] [32] [33] To approximate the effects of exchange-correlation, we used the local density approximation (LDA) 18 as it has been proven to be the best approach for describing bulk LNO bulk from first principles. 
D. Scanning Transmission Electron Microscopy
Combined atomic EELS and EDS data were acquired using a cold-field emission gun JEOL GrandARM 60 300 kV, operated at 160 kV with a beam current of about 85 pA.
The microscope is equipped with dual large solid angle SDD detectors for the acquisition of EDS data and a Gatan GIF Quantum ER for the acquisition of EELS data. EELS data was acquired in DualEELS mode where both the the low-and core-loss spectra were acquired simultaneously. The zero-loss peak, present in the low-loss spectra, can be used to correct and remove all the effects of energy drift allowing a more accurate measurement of any chemical shift. The EELS spectrometer was setup with a dispersion of 0.1 eV / channel resulting in an energy resolution of 0.5 eV that was needed in order to resolve all the spectral features present in the EELS spectrum moving across the super lattice layers. final states into the t 2g and e g levels for each of the Ti L 2 and L 3 edges. 20 This is in contrast to bulk LTO, where the Ti is in a 3+ (d 1 ) state which leads to less well-defined t 2g -e g splitting, and a markedly different Ti L-edge signature all of which is easily identified via EELS.
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That the Ti in the LTNAO superlattice is 4+ is the first piece of direct evidence of the desired donation of an e − from Ti. The 4+ state of Ti in the superlattice is consistent with the previously reported XAS data, which averages over the entire superlattice film ( Figure   3 (b)); XAS has the advantage of a considerably higher energy resolution than EELS but provides little spatial resolution. Analysis of the Ni L-edge to describe the Ni valence in the LNO layers is not possible here due to the nearly complete overlap between the La M -and the Ni L-edges. We want to further emphasize here that the observed change in Ti valence is not due to film stoichiometry, i.e. oxygen vacancies. Figure 2(a) shows the integrated O K-edge intensity normalized to the La concentration for the superlattice. It can be seen that the oxygen stoichiometry for all three layers does not vary, and the EEL spectra from the LaAlO 3 layers (which can be considered as a bulk reference in this context) show the fine structure expected for stoichiometry LaAlO 3 . Therefore, it appears that all layers in the superlattice are stoichmetric and the observed changes in the valence and EELS finestructure are associated with interfacial charge transfer. In the following, we will therefore focus on the O K-edge analysis to extract and quantify the interfacial charge transfer.
Various O K-edge spectra are provided for the Ti and Ni columns contained within the spectroscopic region of interest, again integrating a number of rows, along the respective columns ( Figure 4) . While there are some difference in the absolute intensity of the main peak, we will be focusing on the pre-peak of the O K-edge, which results from electronic transitions into the hybridized O 2p -transition metal (TM) 3d orbitals. 37 What is visible in all the spectra is a pre-peak centered around 530 eV (labeled A), and an additional peak near 528 eV (B) which is only present in the spectra from the Ni columns. These peaks are readily explained by comparison to known bulk EEL spectra, shown in Figure 4 (d). For example, looking at bulk LTO (TM valence is 3+), we see merely a slight pre-shoulder on the main peak, due to its 3d 1 configuration, due to a decreased number of unoccupied states.
In SrTiO 3 , where the Ti d-orbitals are completely empty, a strong pre-peak intensity, A, is seen. Peak A in the Ti column of the LTNAO superlattice is analogous to that seen in the STO as opposed to the LTO bulk reference, suggesting that Ti is in a 4+ valence state.
Examining a reference spectrum for bulk LNO (Figure 4(d) ), we see a pre-peak at 528 eV, shifted lower in energy with respect to the LTO and STO pre-peaks located at an edge onset energy of 530 eV. In the LNO superlattice, the lower energy pre-peak is manifested as peak B seen in the Ni columns, though of a reduced intensity compared to the bulk reference spectra for LNO, due to the acceptance of an e-from the Ti layer and hence a reduced Ni valence. Again, we expect a diminished pre-peak 38 in this case because the additional e − into the Ni layers reduces the number of empty hybridized O 2p -TM 3d orbitals probed by the incident electrons. Indeed, XAS of the O K-edge confirms the presence of both of these pre-peaks, A and B. We reiterate that XAS is a spatially averaging spectroscopic technique and cannot tell us the specific spatial origin of these peaks.
Looking carefully at peak A in all of the spectra shown in Figures 4(a) and (c), it is apparent that there is still significant spectral weight in both Ni columns. Given that there is some Ti present in the first Ni column of each superlattice (based on the EELS/EDX spectroscopy), some of this intensity in Peak A can potentially be explained by remnant Ti contributions. However, when examining the O K-edge fine-structure of La 2 NiO 4 ( Figure   4(d) ), where the Ni valence state is expected to be 2+, we do not find any sign of the pre-8 peak B at 528 eV (as seen for Ni 3+ in LaNiO 3 reference), but instead a shoulder at ≈530 eV, which coincides with the position of peak A in Figure 4 (c). The peak A intensity in the spectra taken from the LNO layers is therefore not completely due to the remnant Ti contributions but also due to the contribution of Ni 2+ .
It is interesting to note that the intensity of peak A is significantly higher in the layer closest to LTO (i.e. Ni col1a and Ni col2a) and decreases in the layers closest to LAO (i.e.
Ni col1b and Ni col2b). Without further insights from theoretical modeling, it is impossible
to disentangle the contributions to this peak stemming from remnant Ti 3+ in the LNO layer closest to LTO and from the increasing Ni valence in the layer closest to the LAO layers. The authors acknowledge that with the electron probe in a channeling condition (i.e., a zone axis orientation) as is the case here, one must be cautious when attempting quantitative EELS and EDX measurements, as these experiments can be convoluted by elastic and thermal diffuse scattering of the incident electrons. 39, 40 However, in the case of the present fine structure analysis, we are simply looking at clear trends in the spectra, which appear and disappear rapidly, generally within a single unit cell, as shown in Figure 4 (a);
we furthermore note the good agreement the XAS data, which is insensitive to channeling.
For our DFT calculations, we simulated the LTNAO system strained to LaAlO 3 . In addition, we consider bulk NiO (with nominal Ni 2+ valence), bulk LaNiO 3 (nominally Ni 3+ ), bulk LaTiO 3 (nominally Ti 3+ ), and bulk SrTiO 3 (nominally Ti 3+ ). We calculate the relaxed LDA atomic-scale structure as well as the orbital occupancies and the O K-edgespectra using both the Z and Z + 1 approximations.
The most useful comparison between theory and experiment comes from the calculated charge in the Ni d orbitals, seen in Table I . By comparing to the d occupancy of NiO and LaNiO 3 , we determine an interpolated nominal charge on the Ni atoms in the two LNO layers of the LTNAO superlattices. This analysis gives a nominal charge Ni 2.3+ for the layer closest to LTO (i.e., Ni col1a and Ni col2a) and Ni 2.77+ for the layer closest to LAO (i.e., Ni col1b and Ni col2b). This result shows that the electron transfer from Ti is primarily limited to the LNO layers directly adjacent to LTO.
Due to the difference in charge, we would expect the O K-edge spectra to differ for the two Ni layers in the LTNAO. As a reminder, by comparison to bulk references (Figure 4(d) ),
we determine that the energy of pre-peak A (≈ 530 eV) primarily corresponds to Ti further degrading comparisons to experiments in such correlated complex oxides. We have, therefore, focused on using the observables that should be predicted correctly by DFT: the electronic density and mean occupancy of orbitals.
IV. CONCLUSIONS
In summary, by combining atomically-resolved energy-loss and X-ray data with first principles DFT calculations, direct evidence is provided of the charge transfer from LTO into LNO in tricomponent superlattices. Using the high spatial sensitivity of STEM imaging and electron spectroscopies, we confirm previous XAS measurements, which have reported a ≈50 % change in the orbital occupation that is significantly higher (by a factor of 2-3) compared to previous results. 41 Furthermore, we demonstrate that this interfacial charge transfer from the LTO to the LNO layers is highly localized in real space and is limited to 
